Abstract. We show that the unusual observations of a pseudogap in the normal state of underdoped Bi 2 Sr 2 CaCu 2 O 8+δ (BiSCO) using angle resolved photoemission spectroscopy (ARPES) is consistent with a new band structure for the cuprate superconductors in which the Cu d x 2 −y 2 /O p σ (x 2 − y 2 ) and Cu d z 2 /O ′ p z (z 2 ) bands are seen to cross at the Fermi level. Limitations in the experimental method, which maps the Fermi surface in 2D, prevent the narrow 3D z 2 band from being fully resolved. The primary and secondary signal produced from this band instead leads to a broad background which is characteristic of ARPES on these materials. In this paper, we argue the ARPES pseudogap is not the result of Cooper pair formation above T c , but arises simply from the crossing of two bands at the Fermi level. While conventional LDA band structure calculations do not predict the existence of two such bands, we demonstrated in a series of articles that correlation, which is well acknowledged to be missing in these calculations, changes the band structure more radically than previously assumed.
to the inability of the electron gas to screen the nuclear motion as effectively as normal metals. This suggests why the T c of the cuprates is so high.
The origin of the pseudogap in our scenario is due to the difference in the 3D dispersion of the x 2 − y 2 and z 2 bands and the fact that ARPES is a method that maps a Fermi surface in 2D. Electrons ejected from k states with predominantly z 2 character produce a broad linewidth in the ARPES and hence an unresolvable quasiparticle peak. A mis-assignment of the Fermi surface results and with it the pseudogap. This pseudogap is a direct measure of x 2 − y 2 /z 2 band repulsion, which has approximately d-wave symmetry.
From these considerations, described in detail below, we conclude the pseudogap is evidence for a Fermi level band crossing and is unrelated to the d-wave superconducting gap. We further surmise that the anomalous background spectrum present in all cuprate ARPES data is due to both primary and inelastically scattered secondary electrons associated with the narrow z 2 band.
ARPES on optimally doped and overdoped BiSCO yields a single holelike Fermi surface closed around (π, π). 4 At temperatures below T c , the Fermi surface exhibits a d-metry along the (0, 0) − (π, π) diagonal but avoided elsewhere in the Brillouin zone.
In order to reconcile this proposed band structure with the Fermi surface mapped by ARPES, one must consider the limitations in the ARPES method. 8 The experimentally measured ARPES linewidth Γ m , is a combination of the linewidth or lifetime of the photohole Γ hole (hole state left behind by the excited electron) and the linewidth of the photoelectron Γ electron (excited state of electron after photon absorption). It is given approximately by,
where v initial,z is the average Fermi velocity of the photohole in the z direction, and v f inal,z is the average Fermi velocity of the photoelectron in the z direction. Γ electron is generally greater than or on the order of 1.0 eV. For each planar momentum (k x , k y ), ARPES produces a spectrum of the number of electrons ejected versus its energy. The experimentally interesting quantity is the photohole lifetime Γ hole because as (k x , k y ) approaches the Fermi surface, this lifetime becomes infinite or Γ hole → 0. In reality, Γ hole does not tend to zero due to the limitations of experimental resolution, but instead tends to a small value Γ res . Thus, if the observed linewidth Γ m is not masked by the the second term in equation
(1) due to the photoelectron, then as the spectrum is swept through (k x , k y ) space the spectral peak should become sharper as the Fermi surface is approached, becoming resolution limited at the Fermi surface, and then disappearing for unoccupied k states above the Fermi energy.
For the very 2D x 2 − y 2 band, dispersion in the z direction is negligible compared to that in the x and y directions. Hence, v initial,z is expected to be small relative to v f inal,z . Thus Γ m ≈ Γ hole , leading to a resolvable quasiparticle peak and a well defined Fermi surface crossing for k states with predominantly x 2 − y 2 character.
In contrast, the z 2 band is extremely narrow. Dispersion in the x and y directions is perhaps even smaller than dispersion in the z direction. For this reason, v initial,z is comparable to v f inal,z and the contribution from the linewidth of the photoelectron cannot be neglected. Thus Γ m ∼ Γ electron ∼ 1.0 eV, leading to a broad peak and no resolvable
Fermi surface for k states with predominantly z 2 character.
Given that only the x 2 − y 2 band leads to a resolvable Fermi surface with ARPES, the band structure for LaSCO leads to a Fermi surface shown in Figure 2 , in excellent agreement with recent observations for this material. 9 The z 2 band only produces a broad background signal. Such a signal has been a signature in ARPES on the cuprates, but has always been regarded with confusion. 4−8 Careful experiments with light polarization may resolve if this background is due to z 2 character. Such experiments have been done to confirm that the major resolvable peak is in fact due to
The analysis is unfortunately complicated by secondary inelastic scattering processes which may indeed dominate the background signal. Such processes have previously been considered and dismissed as the source of the background because the conventional band structure could not produce a large enough signal. 8, 11 However, in Figure 3 , we show that a signal due to inelastic scattering from our calculated band structure for LaSCO leads to a background which is orders of magnitude larger than that obtained with the conventional x 2 − y 2 band structure. It also has the correct step function character near the Fermi level. Since the inelastic scattering is simply proportional to the integrated density of states, the signal is dominated by the very narrow z 2 band which leads to a large density of states within 0.1 eV of the Fermi level.
The observation of a pseudogap in the cuprates can occur when the true Fermi surface is dominated by z 2 character. The Fermi surface mapped by ARPES would be associated with x 2 − y 2 character which lies below the Fermi level producing what appears to be a gap. In order to explain the pseudogap in BiSCO, we need to qualitatively understand its band structure. While we have so far only calculated the band structure for LaSCO, simple topological arguments can be used to understand BiSCO. The principal difference between the two materials is that BiSCO has two CuO 2 planes per unit cell instead of one. This means there will be bonding and antibonding combinations of both the x 2 − y 2 and z 2 bands in BiSCO leading to a total of four key bands instead of two. Of these, the two x 2 − y 2 bands are nearly degenerate (there is little z axis coupling between them), but the two z 2 bands should be reasonably split in energy such that only three bands (the two In regard to the relationship between the pseudogap and the superconducting gap, as argued elsewhere, 3 the symmetry of interband pair to BCS pair scattering produces a d-wave superconducting gap which forces conventional BCS scattering to adopt this phase.
The possibility of interband pair to interband pair scattering should produce an additional gap at the nodes, but this would be extremely difficult to observe with ARPES due to its strong k z dependence. The confusion as to the pseudogap arises because when the material is underdoped, the pseudogap is larger in magnitude than the superconducting gap, completely obscuring its presence. As doping is increased, the pseudogap is expected to decrease in magnitude as the Fermi level nears the region where the middle band switches to x 2 − y 2 antibonding character. Simultaneously, the superconducting gap is expected to increase in magnitude. At some point the superconduting gap is expected to be greater in magnitude than the pseudogap, thus obscuring its presence. Eventually the pseudogap will disappear entirely as the Fermi surface becomes increasingly x 2 − y 2 -like. This behavior is consistent with that observed for underdoped, optimally doped, and overdoped BiSCO.
It is important to note that since bands change character smoothly, we have not defined exactly what k point is the crossover from x 2 − y 2 to z 2 . The crossover momentum is dependent on the sizes of the x 2 − y 2 and z 2 ejection matrix elements and these clearly are dependent upon the incident photon energy. Thus, recent observations by Dessau et al. 12 of a different Fermi surface for BiSCO when the photon energy is ≈ 33 eV are not in direct contradiction with the older ≈ 20 − 25 eV results, but instead demonstrate that measuring Fermi surfaces using ARPES is not as straightforward as it seems when the relevant bands include orbitals with real 3D dispersion.
Furthermore, we believe the temperature dependence of the pseudogap 7 may be due to the temperature dependence of the linewidths of the x 2 − y 2 k states that determine the pseudogap. The lifetimes of these states will decrease (linewidth will increase) as the temperature is raised until the leading edge of the spectra will cross the Fermi level. At this point, ARPES will conclude the pseudogap has closed or gone to zero. Thus, there is no reason to expect the pseudogap to close isotropically over the whole Fermi surface with temperature in agreement with observations. 
